This paper describes the initial development of a project aiming at the construction of functional mimics of the oxygen-evolving complex of photosystem II, coupled to photoinduced charge separation. Biomimetic electron donors, manganese complexes and tyrosine, have been linked to a Ru(II)-polypyridine photosensitiser. Oxidation of the donors by intramolecular electron transfer from the photo-oxidised Ru(III) complex was demonstrated using optical flash photolysis and EPR experiments. A step-wise electron transfer Mn~tyrosine--~Ru(III) was demonstrated. © 1998 Elsevier Science B.V.
Introduction
In natural photosynthesis, light is converted to chemical energy through a chain of electron transfer reactions [1, 2] . As a source of electrons for the photosynthesis, photosystem II (PSII) is able to use water, generating molecular oxygen as a product. Water oxidation is catalysed by a tetranuclear manganese complex in PSII, but the structure and reaction mechanisms of this complex are not entirely known [3] [4] [5] . However, four electrons are extracted from two water molecules to produce one 0 2 molecule, and during the light-induced charge separation cycles, the manganese complex serves to accumulate the oxidising equivalents needed to generate 0 2.
For more than 20 years, large efforts have been *Corresponding author. Fax: +46 18 508542; E-mail: Leifh@fki.uu.se made to develop a chemical artificial photosynthetic system, based on photoinduced charge separation. In terms of photosynthesis of energy-rich chemicals, only modest success has been made so far, but much has been learnt on the fundamental level. During the last decade, artificial photosynthesis has mainly concerned either (i) supermolecules performing photoinduced charge separation through a chain of electron transfer reactions [6] [7] [8] , or (ii) mimics of the manganese complexes of PSII [4] . The former systems include mimics of bacterial reaction centres [9, 10] , but have only rarely [11] involved the transfer of more than one electron, i.e. no charge accumulation has been obtained, and the charge separation has not been coupled to any further chemical reaction. The artificial manganese complexes have mainly been structural mimics, with little or no chemical reactivity. Only one example exists of catalytic oxidation of water to oxygen with a molecular (non-heteroge- 194 1365 (1998) 193-199 neous) manganese complex [4, 12] , but this was driven electrochemically, not with light.
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In the present paper, we describe the initial development of a project in which we try to combine these lines of artificial photosynthesis and obtain a functional mimic of the oxygen-evolving complex of PSII that is coupled to photoinduced charge separation. Thus, following the strategy of nature, we initially aim at accumulating oxidative equivalents in an artificial manganese complex, using light-induced redox reactions. Ultimately, this complex should also be able to oxidise water to hydrogen peroxide or oxygen.
Adopting natural structures and principles serves as a starting point and source of inspiration for the construction of biomimetic systems, but it is wise not to be too strict on this point. Alternative, non-biological molecular components often possess favourable properties, and one may possibly even supersede nature at certain points by using solutions that have not been available to evolution. As an example of these ideas, we have chosen to use ruthenium complexes as photosensitisers, because they have favourable photochemical and synthetic properties [ 13, 14] . At the same time, we have used tyrosine and manganese complexes as electron donors, following nature more strictly.
Results and discussion

Ru-Mn complexes
Before the present project begun, there were no examples of ruthenium complexes linked to manganese electron donors. Therefore, our first aim was to investigate whether complexes could be made where the Ru(II) moiety is oxidised in a photoreaction, and then regenerated by electron transfer from the manganese in the same molecule. The reaction sequence is schematically described in Fig. 1 , and it was indeed realised for a number of Ru(II)-Mn(II) complexes, as shown in the photochemical experiments [15] [16] [17] [18] .
In these experiments, the Ru(II)-Mn(II) complex was excited by a laser flash in the visible absorption band of the Ru(II) complex moiety (band maximum around 455 rim). An electron was transferred from the Step (1) is completed in <1 p~s. The Ru(lI) recovery, followed at 450 nm (lower trace), is much faster than the decay of MV + observed at 600 nm (upper trace), due to reaction step (2). The reduced MV ~ absorbs somewhat also at 450 nm, which lifts the 450 nm signal above the base line at longer times.
Ru excited state to the external electron acceptor methylviologen (MV2+), forming Ru(III) and MV + ( Fig. 1, step 1 ). When manganese was not present in the complexes, the diffusion controlled recombination reaction Ru(III)+MV +---~Ru(II)+MV 2 + occurred (first tl/2~100 Ixs), which could be followed by the recovery of the Ru(II) bleaching around 455 nm and the decay of the MV ÷ radical signal around 602 nm. However, for the Ru(II)-Mn(II) compounds, the Ru(II) recovery was much faster, while the MV + decay remained diffusion controlled ( Table 1 [15] [16] [17] [18] . The decay of the MV + signal was attributed to the recombination with Mn(III) (Fig. 1, step 3 ), making the whole photoreaction sequence reversible.
The oxidised Mn(III) could not be detected in the optical experiments. Therefore, separate experiments were performed to show that the Ru(III) could oxidise the Mn(II) moiety. Equimolar amounts of any of the Ru(II)-Mn(II) compounds and chemically oxidised Ru(III)(bpy) 3 were mixed. Before mixing, both the Ru(III) and the Mn(II) gave strong EPR signals. After mixing, the sample was EPR silent, showing that the Ru(III) was indeed reduced by Mn(II) in a 1:1 ratio.
For 5 the order of the electrochemical potentials also supports the feasibility of a Mn(II)-to-Ru(III) electron transfer: reversible oxidations were observed by cyclic voltammetry for both couples, with E1/2 ~ 1.00 V and E1/2~1.30 V (vs. SCE, in CH3CN ) for Mn(II/III) and Ru(II/III), respectively.
Some complications were encountered in these complexes. The Mn(II) quenches the Ru(II) excited state, which in some compounds becomes so short lived that the initial electron transfer to the MV 2÷ acceptor is too slow to compete, unless very high concentrations of MV 2÷ can be used. The quenching presumably occurs by energy transfer to the Mn(II) [17] , that has d-d excited states at appropriate energies. Although the corresponding transitions are spin-forbidden (as shown by the negligible absorption of Mn(II) complexes in the visible region), exchange energy transfer in the reactant pair with the Ru excited triplet state can be allowed since the total spin of the pair may be conserved. With different Ru-Mn distances and links, and different Mn ligands, the quenching rate constant varied (Table 1) . It may be noted that, even for this limited number of complexes, there is no simple dependence of the rate constant of quenching, or of Mn(II)-to-Ru(III) electron transfer on, e.g., the nature of the manganese ligands and the length of the Ru-Mn link; note for example the A further complication in some of the Ru(II)-Mn(II) compounds is the partial dissociation of the Mn(II) ion from the complex. In the photochemical experiments, with typically 10-100 b~M of the complex, 2-20% of the Mn(II) had dissociated at equilibrium, leaving some Ru moieties without a donor. The complexation constant depends on the nature of the ligands, which was another reason to explore some different complexes. However, we have been able to handle the effects of dissociation in the analysis of our kinetic data and extract the data referring directly to the intramolecular processes in the intact Ru(II)-Mn(II) species.
At this point, one must remember that water most probably has to bind reversibly to the manganese cluster in PSII [3] [4] [5] . For the construction of artificial manganese complexes performing catalytic water oxidation, some lability in the coordination of manganese is therefore not necessarily unfavourable.
To summarise this section, we have made and studied a number of Ru(II)-Mn(II) complexes that feature electron transfer from the Mn(II) to the photo-generated Ru(III), and we have learned how to handle some of the complications in their synthesis and function. The compounds exhibit varying rate constants for electron transfer, as well as excited state life time and Mn(II) complexation strength. Thus, our main concept at this initial stage, i.e. to oxidise a Mn moiety by a photogenerated Ru(III) complex by intramolecular electron transfer, has proven feasible. In fact, all the Ru(II)-Mn(II) compounds 1-5 studied so far can perform this reaction. The manganese cluster in PSII is comprised of four manganese ions in higher valence states, predominantly Mn(III) and Mn(IV) in its lower oxidation states. It is likely that we, in order to oxidise water, must turn to larger complexes. The experiments described in this section have laid a good ground for the development of larger and more complicated Ru-(Mn), complexes.
A Ru-tyrosine complex
In natural PSII, a tyrosine residue is an intermediate reactant in the electron transfer from the + manganese cluster to the oxidised P680 [2] [3] [4] 19] . In a recent model for water oxidation it is even suggested to be directly involved in the catalytic water oxidation through a hydrogen atom transfer from manganese-bound water to the tyrosine [20] . In the RuMn complexes, inclusion of a tyrosine would be a step towards a closer mimic of PSII. Also, a multinuclear manganese complex that should be able to perform water oxidation must go through several oxidation steps that also involve ligand rearrangements. Thus, if large reorganisations are coupled to the electron transfer step, the manganese complex will probably never be a very fast donor. An intermediate electron donor in the artificial system may provide a faster reduction of the oxidised Ru(III), and better compete with a possible back electron transfer from the reduced acceptors. Finally, the ruthenium moiety and the manganese ions may be positioned further apart, which should reduce the problem with the excited state quenching (see above). A Ru(II) complex linked to a tyrosyl residue was thus made (Fig. 2) , and electron transfer from the tyrosine to the photo-oxidised Ru(III) was demonstrated in the same way as for the Ru(II)-Mn(II) complexes above [21] . With methylviologen as electron acceptor, the Ru(III)---~Ru(II) recovery in water at pH 7 was much faster (tt/2=15 Ixs) than the decay of the viologen radical (first t~/2~250 ~zs, data not shown), due to tyrosine-to-Ru(III) electron transfer. The simultaneous, light-induced generation of a tyrosyl radical could be directly demonstrated by both optical and EPR experiments, using the irreversible acceptor Co(NH3)sC12+ (Fig. 2) [21] . Also with this acceptor, a value of t~/2=15 Ixs was determined for the Ru(III)--->Ru(II) recovery. At 450 nm, which is close to the Ru(II) ground state absorption maximum, the absorption recovery reached the base line after 100 Ixs. However, at 410 nm the absorbance after 100 p~s was higher than before the laser flash, consistent with formation of a tyrosyl radical (e410 nm~'3000 M ~ cm ] [22] ). Continuous illumination of the sample in an EPR cavity resulted in a spectrum attributable to a tyrosyl radical (Fig. 2, lower panel) . This EPR signal was not observed in a reference compound where tyrosine had been replaced by a redox-inactive alanine. Also, with the alanine compound, the 450-nm bleaching in the optical flash experiments did not recover at all on this time scale (Fig. 2, trace c) .
Ru-tyrosine -/-manganese
As shown above, tyrosine-to-Ru(III) electron transfer occurs in the Ru-tyrosine complex, and the life time of the tyrosine radical is quite long (~50 ms under the experimental conditions). We wanted to use the high redox potential of this long-lived tyrosyl to oxidise a manganese complex. The redox potential for the tyrosine moiety of the complex (TyrOH/ TyrO') is 0.98 V (vs. NHE) at pH 7.0, which is 50 mV higher than for free tyrosine, presumably due to the proximity of the Ru(II) dication. A dinuclear Mn(III,III) complex, displaying a reversible Mn(III,III)--->Mn(III,IV) oxidation at potentials lower than that, was available through a collaboration project with the group of Prof. Jean-Jaques Girerd, Orsay.
Thus, we have recently been able to demonstrate the light-induced electron transfer reaction chain shown in Fig. 3 (left) [23] . Light excitation of the Ru(II) moiety generates Ru(III) (step (i)), that is reduced again by the tyrosine (step (ii)). In step (iii), the Mn(III,III) complex is oxidised to Mn(III,IV) by the tyrosyl radical, that reverts to tyrosine. The main evidence for the occurrence of step (iii) are obtained from product EPR spectra (Mn(III,IV)) and the decay kinetics for the tyrosyl radical EPR signal at various concentrations of the Mn(III,III) complex.
The redox potentials for the molecular components are also shown in Fig. 3 , and compared to those of PSII, together with the schematic representation of the photoinduced electron transfer reactions. Both the reaction scheme for this single-electron transfer sequence and the redox potentials correspond rather well to the donor side reactions of PSII. Although one must appreciate the large structural differences, the comparisons made in Fig. 3 show that this artificial system represents a promising step towards a mimic of the donor side reactions in PSII. the first example of electron transfer from a dinuclear manganese complex to a photo-generated Ru(III) within the same supermolecule. The deprotonated tyrosine derivative binds as a ligand directly to the Mn(II) ions, and it is at present not clear if it may play a role as in independent redox component.
A Ru-(Mn) 2 complex 2.5. Future outlook
In order to increase the control over the reaction paths and recombination reactions, it is desirable to increase the degree of reactant organisation. Thus, the compound shown in Fig. 4 was made, where a dinuclear Mn(II,II) complex is linked to the ruthenium complex, in contrast to the free manganese complex of the previous section. We have recently shown that light excitation in the presence of methylviologen leads to the oxidation of the manganese complex by Ru(III), forming Mn(II,III) [24] . The life-time of this process was -<100 ns, as determined from the Ru(II) recovery kinetics. This is
We now hope to demonstrate a second light-induced oxidation step of Ru-(Mn) 2 complexes like that of Fig. 4 , leading to the storage of more than one oxidative equivalent on the same molecular entity. Also, we aim at obtaining the same electron transfer chain Mn-->Tyr--->Ru as in Fig. 3 , but within the same supermolecule, with a larger spatial control over the reactants. For this process to occur we may have to add an additional tyrosine residue to the Ru-(Mn) 2 compound above, interfacing the ruthenium and the manganese complex moiety. Both lines of extension are important in the development of closer mimics of the PSII donor side reactions and for the possible water oxidation at the manganese complexes.
